Magnetic circular dichroism in the extreme ultraviolet (XUV) spectral range is a powerful technique for element-specific probing of magnetization in multicomponent magnetic alloys and multilayers. We combine a high-harmonic generation source with a λ/4 phase shifter to obtain circularly polarized XUV femtosecond pulses for ultrafast magnetization studies. We report on simultaneously measured resonant magnetic circular dichroism (MCD) All-optical control and manipulation of magnetization in thin magnetic films is a promising route for spintronics and next-generation magnetic data storage [1, 2] . A recent breakthrough demonstrated all-optical switching of magnetization for a technologically important class of ferromagnetic thin films including Co/Pt multilayers with perpendicular magnetic anisotropy [3] . While the role of the Co/Pt interface is not yet well understood, the enhanced spin-orbit interaction at the interface has been shown to lead to a significant acceleration of the demagnetization rate [4] . Furthermore, in heterogeneous samples, laser-induced superdiffusive spin currents can contribute to the ultrafast magnetization dynamics [5] [6] [7] by leading to spin accumulation at paramagnetic/magnetic interfaces [8] . Also, optical control of spin-polarized currents has been demonstrated at Co/Pt heterostructures promising new applications in spintronics in the terahertz regime [9] . However, progress in understanding and, hence, in the successful design of such new multicomponent magnetic systems for ultrafast applications has been challenged by the difficulty to experimentally access the underlying complex microscopic processes. Our novel technique presented here, combines femtosecond time resolution with element-specific probing, which is a prerequisite for extracting information about contributions of the different materials and interacting spin systems.
All-optical control and manipulation of magnetization in thin magnetic films is a promising route for spintronics and next-generation magnetic data storage [1, 2] . A recent breakthrough demonstrated all-optical switching of magnetization for a technologically important class of ferromagnetic thin films including Co/Pt multilayers with perpendicular magnetic anisotropy [3] . While the role of the Co/Pt interface is not yet well understood, the enhanced spin-orbit interaction at the interface has been shown to lead to a significant acceleration of the demagnetization rate [4] . Furthermore, in heterogeneous samples, laser-induced superdiffusive spin currents can contribute to the ultrafast magnetization dynamics [5] [6] [7] by leading to spin accumulation at paramagnetic/magnetic interfaces [8] . Also, optical control of spin-polarized currents has been demonstrated at Co/Pt heterostructures promising new applications in spintronics in the terahertz regime [9] . However, progress in understanding and, hence, in the successful design of such new multicomponent magnetic systems for ultrafast applications has been challenged by the difficulty to experimentally access the underlying complex microscopic processes. Our novel technique presented here, combines femtosecond time resolution with element-specific probing, which is a prerequisite for extracting information about contributions of the different materials and interacting spin systems.
Time-resolved x-ray magnetic circular dichroism (XMCD) experiments, using soft x-rays, have been pioneered at the synchrotron facility BESSY II, HZB, using the so-called slicing scheme [10] . While significant success has been achieved with this method [11, 12] , important shortcomings are the low photon flux and limited temporal resolution of >120 fs. Furthermore, at synchrotron undulator sources the photon energy must be tuned across the resonances of the constituent elements, making it impossible to simultaneously probe spin dynamics of different elements in the sample. On the other * Present address: Max-Born-Institut, Max-Born-Strasse 2A, 12489 Berlin, Germany.
† Korff@mbi-berlin.de hand, laser-based high-order harmonic generation (HHG) techniques have recently been used to observe magnetization dynamics using the transverse magneto-optic Kerr effect in a reflection geometry [7, [13] [14] [15] . While this technique offers excellent time resolution, its very broad spectral response makes element-specific studies challenging. In addition, it has triggered a controversy about the extent that ultrafast changes of the index of refraction may complicate the relationship between the asymmetry of the reflected intensity and the actual magnetization [16] [17] [18] . Finally, progress has been made by generating circularly polarized extreme ultraviolet (XUV) radiation with two-color counter-rotating circularly polarized [19, 20] or two-color oppositely linearly polarized laser pulses [21] . In the latter study, circular polarization was experimentally demonstrated via static Ni M-edge magnetic circular dichroism (MCD) measurements.
Here we demonstrate time-resolved, multielement MCD absorption spectroscopy of several distinct elements in a single measurement with high-order harmonic radiation covering the M 2,3 edges of 3d transition-metal atoms (40-72 eV). We employ a reflection-based polarizer to efficiently produce circularly polarized femtosecond XUV pulses and present both static MCD measurement of a thin Co/Ni/Pt and Pt/Co/Pt films as well as a time-resolved MCD measurement of the magnetization dynamics in the latter sample. We observe the decay of the interface magnetization in Pt simultaneously with the demagnetization of Co after optical excitation. Our results demonstrate element-specific sensitivity of broadband MCD absorption spectroscopy in studies of ultrafast demagnetization. Our work represents a significant advancement towards the development of tabletop systems for element-specific spectroscopy and imaging of chiral-sensitive light-matter interaction with nanometer spatial and femtosecond temporal resolution.
The experimental setup is shown schematically in Fig. 1 . 35 fs pulses from a Ti:sapphire laser system operating at 1 kHz repetition rate and a central wavelength of 795 nm are split into pump and probe beams by a thin beam splitter. The 2 mJ pulse in the probe arm is focused at f/115 into a 5-mm-long gas cell containing neon. The strongly nonlinear The IR pulse enters the vacuum chamber (black box) and drives HHG in the gas cell. The driving IR pulse is removed by a 300 nm Al foil. Transmitted XUV pulses (blue line) are converted to circular polarization by the reflection XUV polarizer. The sample holder has a built-in electromagnet used to change the direction of the external magnetic field applied to the sample. The high-harmonic spectrum transmitted through the sample is recorded by an XUV spectrometer [22] . The pump-probe delay is controlled using a delay stage. (b) Measured and calculated ellipticity (red, circles) and transmission (blue, squares) of the reflection XUV polarizer over the spectral range covering the M edges of 3d transition metals.
light-matter interaction in the cell leads to generation of XUV pulses via high-harmonic generation [23, 24] . The polarization of the emitted XUV pulses is initially linear and parallel to the polarization of the infrared driving pulse. The driving IR light is blocked by a 300-nm-thick Al foil, which transmits ∼ 50% of the XUV light up to the Al L 3 edge at 72.5 eV.
Following the filter, the linearly polarized XUV pulses enter the reflection XUV polarizer [25] [26] [27] [28] . Two parameters control the polarization and transmission of the XUV pulse: (i) the angle of incidence and (ii) the rotation angle of the four-mirror assembly around the beam axis, controlling the ratio of the s and p components incident on the mirrors. The optimal performance over a wide range of photon energies is achieved with a Mo(20 nm)/B 4 C(2 nm) mirror coating and a fixed angle of incidence of 78
• . While a higher degree of ellipticity of P ∼ 1 can be easily realized by using larger incident angles, the transmission in this case is significantly reduced. The performance of the polarizer was characterized at a synchrotron facility (HZB, BESSY II, UE112). As shown in Fig. 1(b) , the device nearly reaches the theoretically predicted degrees of polarization and transmission. The ellipticity is >0.75 and the transmission is around 20% over the energy range of interest of 40-70 eV, which spans the M edges of the 3d ferromagnetic transition metals (Fe, Co, and Ni).
The elliptically polarized XUV pulses impinge upon an in-plane magnetized ferromagnetic sample mounted on a manipulator with a built-in electromagnet. For a nonzero projection of the magnetization on the incoming wave vector k of the XUV probe pulses, the samples are mounted under 45
• incident angle. A magnetic field of B ± = ±30 mT is sufficient to fully saturate the magnetization of the samples used in the experiment. At the sample, the probe is recombined with the linearly polarized pump pulse in a noncollinear geometry. The angle between the pump and probe beams is 6
• . The photon flux of the pump pulse is controlled using a half-waveplate (HWP) and a polarizing beam splitter (PBS). The pump beam is focused at f/150 just slightly beyond the sample using a lens outside the vacuum chamber to ensure that the area probed by the XUV pulse is uniformly illuminated by the pump pulse. The time resolution of the experiment is determined by an all-optical cross-correlation in a nonlinear crystal giving an upper limit of τ G = (59 ± 5) fs. The XUV light transmitted through the sample is recorded by an XUV spectrometer. The spectrometer contains a 50 μm slit followed by a transmission nanograting [22] , resulting in a spectral resolution of approximately 0.75 eV at 60 eV. The slit selects a small portion (30 μrad angular width) of the divergent XUV radiation produced in the HHG cell. The spectrally dispersed XUV light is detected by a microchannel plate/phosphor screen assembly and is imaged using a CCD camera.
Two thin-film samples are studied in the present experiment. They are grown by dc magnetron sputtering on 20-nm-thin XUV-transparent Si 3 N 4 membranes with dimensions of 0.25 × 1 mm 2 on silicon supporting frames. The first sample consists of Si 3 N 4 /Pt(6 nm)/Co(15 nm)/Pt(2 nm) layers, and the second magnetic bilayer sample is Si 3 N 4 /Co(15 nm)/Ni(15 nm)/Pt(2 nm). The samples are carefully characterized by magneto-optical Kerr measurements, spatially resolved x-ray reflectivity measurements before and after laser excitation, energy-dispersive x-ray analysis, static x-ray absorption (XAS), and static MCD measurements (see below).
Transmitted XUV spectra for two opposite directions of the external magnetic field applied to both samples, B ± , are shown in Figs. 2(a) and 2(b) . These spectra are averaged over 170 s for each magnetic field direction. The relative root-mean-square intensity fluctuations within one harmonic and an integration time of 10 s are typically on the order of 2%. For the Pt/Co/Pt sample, harmonic 39 (60.8 eV) shows the largest dichroism corresponding to the M 2,3 edge of Co [ Fig. 2(a) ]; in the Co/Ni/Pt bilayer sample, an additional dichroic effect at harmonic 43(= 67.1 eV) is visible corresponding to the M 2,3 edge of Ni, demonstrating simultaneous measurement of the magnetization of two elements present in the sample. In addition, the spectrum in Fig. 2(a) shows a weaker dichroic signal at 54.6 eV (harmonic 35), which will be discussed below. The insets of Figs lines in Fig. 2(b) ] at the Co and Ni M 2,3 edge are at 60.0 and 66.5 eV, respectively [29, 30] , and in very good agreement with our HHG measurements. The Pt/Co/Pt sample shows a more complicated spectrum. In addition to the XAS and MCD signal at the Co M 2,3 edge (3p → 3d), we observe absorption peaks in the XAS spectrum and corresponding contributions in the MCD spectrum stemming from Pt N 6,7 (4f 5/2,7/2 → 5d) as well as from the Pt O 2,3 edge (5p 1/2,3/2 → 5d) [see inset of Fig. 2(a) ]. This finding is in good qualitative agreement with an experimental work by Shishidou et al. [31] , that measured XAS and MCD spectra of a CoPt 3 alloy in the same energy range. The MCD signals of paramagnetic Pt are caused by hybridization of Co 3d and Pt 5d orbitals, leading to a considerable magnetic polarization of Pt, highly localized within a few monolayers at the Co/Pt interfaces [32, 33] . The MCD signal detected in the HHG transmission spectrum at 54.6 eV [also compare Fig. 3(a) ] can hence be clearly associated with the strong absorption at the Pt O 3 edge. The pronounced dichroic signal of the 4f electrons of Pt is cut in the HHG spectrum by the aluminum filter (L 3 at 72.5 eV). To exclude interdiffusion of the Co and Pt layers induced by the IR laser excitation we performed spatially resolved x-ray reflectivity measurements with a micrometer-sized x-ray beam (10 × 200 μm 2 ) at a synchrotron facility [HZB, BESSY II, U125/2-KMC, E = 9.985 keV, Si(111) monochromator with E/E = 10 −4 ]. Careful comparison of measurements between the laser excited region on the Si 3 N 4 membrane and on the silicon wafer show no significant difference; strongly modulated Kiessig fringes demonstrate an unchanged density contrast and an intact layered structure of the Pt/Co/Pt sample.
In time-resolved experiments we observe ultrafast demagnetization of the Pt/Co/Pt after excitation with an IR pump pulse of ≈6 mJ/cm 2 . The magnetic asymmetry, A = (I B + − I B − )/(I B + + I B − ), is calculated from the HHG spectra by integrating the signal intensity I B ± over each harmonic peak to improve the signal-to-noise ratio at the expense of spectral resolution. Pronounced ultrafast changes in the magnetic asymmetry are observed as a function of pump-probe delay, as shown in Fig. 3(a) for the energy range of 40-70 eV. We observe a constant magnetic asymmetry for negative time delays of approximately A ≈ 6% at the Co edge at 60.8 eV. Immediately after the optical pump pulse arrives, the magnetic asymmetry decreases to approximately 2%, tracking the loss of magnetization in the Co film. The signal of the adjacent harmonic at 64 eV displays similar dynamics and is a consequence of the Co resonance extending into this energy range, as can be seen in the inset of Fig. 2(a) . The magnetic asymmetry in the harmonic peak centered at 54.6 eV, attributed to the Pt O 3 edge, also shows a dependence on the pump-probe delay. In Fig. 3(b) we show the time-resolved traces for two selected energies probing the Co and Pt response. The trace at 60.8 eV depicts the ultrafast magnetization dynamics of Co, well described by a monoexponential decay function with a time constant of τ Co = (92 ± 22) fs, convoluted with a Gaussian, (t,τ G ), to reflect the finite temporal resolution with a full width at half maximum of τ G = 59 fs. (t) is the step function at t = 0, and A is the maximal change in the magnetic asymmetry.
The observed demagnetization time constant, τ Co , is shorter in comparison with recent optical Kerr measurements of pure Co films with comparable demagnetization amplitudes [4, 34] . On the other hand, magnetization studies in the XUV energy range in magnetic heterogeneous samples revealed comparable time constants of 100 fs [35, 36] . It remains an open and challenging question, in how far these significantly deviating demagnetization times reported in literature are related to differences in the probing mechanism [37, 38] or may be caused by differences in the geometry of the sample layout, e.g., effects due to spin transport [5] or enhanced spin-orbit coupling at interfaces [4] . The MCD feature at 54.6 eV shows, within the statistical noise, a comparable ultrafast temporal behavior suggesting that the magnetic polarization in Pt is quenched simultaneously with the loss of magnetization in the Co layer. Also, Co and Pt show a similar relative demagnetization amplitude. In light of recently discussed ultrafast magnetization effects at ferromagnetic/paramagnetic interfaces [4, 8, 9] , this represents an interesting experimental scenario, which deserves further discussion. Laser excited, nonequilibrium electrons in ferromagnetic materials have spin-dependent lifetimes and velocities, leading to a redistribution of magnetization in thin multilayered magnetic systems [6, 7] . Additionally, at interfaces between two different materials the electron transport properties abruptly change and can lead to spin accumulation [5] : majority spin states in Co are sp-like with high band velocities, while electrons in Pt will fill more localized d states, with much slower propagation and an increased scattering. This has been shown in a recent experimental and theoretical work where a considerable amount of magnetization was transferred from a thin ferromagnetic film to the interface region of an adjacent paramagnetic layer [8] . On the other hand, experimental results are in agreement with the hypothesis that an enhanced spin-orbit coupling at Co/Pt interfaces leads to increased Elliott-Yafet spin-flip scattering and therefore to a faster and more efficient demagnetization process [4] . Hence, such possibly competing microscopic processes at interfaces may result in both distinct magnetization dynamics and distinct transient magnetization amplitudes. While for the experimental parameters described here our results suggest that these processes do not contribute dominantly, we envision that time-resolved, broadband MCD measurements will be the ideal tool for further detailed studies of optically induced dynamics of interface magnetism.
In conclusion, we have implemented the first laboratorybased, femtosecond time-resolved, broadband MCD setup, which allows the simultaneous observation of ultrafast demagnetization dynamics with element specificity in multicomponent magnetic samples. The performance of the setup in static configuration is demonstrated by measuring MCD effects in Pt/Co/Pt and Co/Ni/Pt samples. We observe asymmetry signals due to magnetization of the Co and Ni layers as well as due to induced interfacial magnetization of Pt. We present a time-resolved MCD study of a Pt/Co/Pt sample pumped by a femtosecond IR pulse showing femtosecond demagnetization of the Co layer on a time scale of (92 ± 22) fs. Similar demagnetization dynamics are observed at the Pt O 3 edge suggesting that the Co/Pt interface directly follows the magnetization of the Co layer.
Finally, we envision that the availability of circularly polarized XUV radiation demonstrated here will allow coherent imaging and holographic techniques of magnetic nanostructures [35, 39, 40] with a laboratory-based tabletop system with femtosecond temporal and nanometer spatial resolution.
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